The present work describes the occurrence of thermo-acoustic instability inside a horizontal Rijke tube and its suppression using an open loop active control technique. The Rijke tube is provided with a co-axial pre-mixed gas burner as the source of heat, which could be placed at any desired position. Radial injection of air (less than 3% of the total mass flow) through micro-jets into the flame is used as a control technique to suppress the thermo-acoustic instability. The rise in heat content inside the Rijke tube, estimated from the temperature mapping, clearly shows reduction in the heat loss as a result of complete suppression of the thermo-acoustic instability. However, the stability achieved passively by means of a slight shift in the burner position does not result in any change in the heat content. There is a visible change in the appearance of the burner flame when the above two methods are used to suppress the thermo-acoustic instability. The flame is seen to significantly shrink in length and spread radially when the control technique was applied. The flame dynamics is believed to determine the heat loss and hence the heat content inside the Rijke tube.
Introduction
Occurrence of the thermo-acoustic instabilities arising from the coupling between pressure fluctuations and unsteady heat release in combustion and its detrimental consequences have been of serious concern in many practical applications, for example, gas turbine combustors, afterburners, and liquid and solid propellant rocket motors. The thermo-acoustic instabilities, when sufficiently grown, are known to trigger large amplitude pressure and velocity oscillations that can result in thrust oscillations, severe structural vibrations, oscillatory mechanical loads leading to low or high cycle fatigue of components. 1 The premature component wear thus caused could lead to costly shutdown or catastrophic component or mission failure. The incomplete fuel-air mixing in a premixed combustor can significantly reduce the stable operating range of the combustor both in terms of increasing the tendency for combustion oscillation and raising the lean blowout limit. 2 Further, the thermo-acoustics is also envisaged as a cause of enhanced heat loss, which is primarily to the walls. [3] [4] [5] [6] Also, some fraction of the heat energy is perceived to be lost in generation of the acoustics.
Since the original Rijke tube had its functional limitation due to depleting heat source in the form of an externally heated wire gauge, many investigators have incorporated certain changes in the geometry to suit the requirement of their research, but without affecting its basic characteristic, which mainly include changing the original orientation from vertical to horizontal with a blower for variable air flow 7, 8 and use of different heat sources capable of releasing the heat continuously like electric heater, 7-10 gas burner [11] [12] [13] and fuel bed.
Carvalho et al. 14 and Matveev and Culick 7 have discussed how the position of the heat source in the Rijke tube dictates the mode of the thermo-acoustic instability and derived the exact locations, on the basis of energy input, where heat source can produce the fundamental and different higher modes of the thermoacoustic instability. However, placement of the heat source in the center of the unstable zone is expected to produce maximum noise. 14 The first three modes of thermo-acoustic instability were also observed by Majdalani et al. 12 in a vertical Rijke tube with Bunsen burner as the heat source positioned at L/4, L/8, and L/16, respectively. However, with different combinations of heat supply and the mass flow rate, they could obtain all the first three modes at one single location of L/16. Subsequently, various investigators conducted experiments on a Rijke tube to study thermo-acoustic characteristics of combustion, 11, [15] [16] [17] where effect of equivalence ratio was also considered. 15, 17 As against the above experiments on a vertical Rijke tube with combustion, use of a horizontal Rijke tube with electrical heater and forced mean flow has also been made in some investigations to characterize the thermo-acoustics without the fear of lean flame blowout. 7, 8, 18, 19 Prospective benefits of suppressing the thermoacoustic instability have drawn attention of many investigators since long and various control techniques, both passive and active, have been developed. The passive control involves certain geometric changes in the design, which are specific to a combustion system. Thus, a passive control is robust within the limits of operating conditions; however, it is prone to fail in offdesign conditions. 3, 20, 21 On the other hand, an active control modifies the system dynamics by means of an actuator using external energy in two modes: an open loop and a close loop. 3 In open loop, a pre-calibrated control technique becomes integral part of the system and is continuously employed within specified limits, whereas in close loop, the technique works on feedback, obtained from monitoring/diagnostic sensors, which activates the actuator(s) in a way most appropriate to the required control in operating conditions.
Numerous works involving study of various techniques to control the thermo-acoustic instability exist in literature, where a Rijke tube is used as a model to represent a combustor configuration for its simplicity and versatility. Steele et al. 22 were able to attenuate the pressure oscillations by changing the location of fuel injection in small steps. They observed that a small axial shift in the position of the fuel spokes of the fuel injector had a significant positive effect on decoupling the excitation of the natural acoustic modes of the combustion system. Numerical experiments by Frendi et al. 23 have shown that passive devices such as baffles, Helmholtz resonators, and quarter-waves control the combustion instability with varying effectiveness, depending on the operating condition, for an axisymmetric combustion chamber. Lei et al. 24 used perforated liner at various equivalence ratios and could achieve damping of the instability in the model test of a combustor. Various active control methods in closeloop form have been reported to suppress noisy combustion instabilities, which comprised of modulating the fuel flow rate, [25] [26] [27] air flow rate, 28, 29 air-fuel mixing in pre-mixer, 30 and phase shift. [31] [32] [33] [34] A review of the practical methods to implement feedback control techniques both on the laboratory scale and on largescale combustors is provided by Dowling and Morgans. 35 Some control techniques in open-loop form have also been found equally promising. For example, injection of air upstream of the flame either at steady rate [36] [37] [38] or at low-frequency pulsating rate. 32, 33 The present study describes a control technique which uses radial injection of a small quantity of air through micro-jets into the flame close to the burnerhead in a Rijke tube model. The resultant suppression of the thermo-acoustic instability has been found to be associated with diminished chemiluminescence (this finding is discussed elsewhere), which is expected to reduce the radiation heat loss, the experimental evidence of which is not reported in the vast body of available literature. The prime objective of the present investigation is to innovate a simple active control technique to suppress the thermo-acoustics arising due to combustion instability and also assess the effectiveness of the control technique in reducing the heat loss through measurement of the heat content inside the Rijke tube.
Experimental setup
A 6-mm thick Rijke tube of steel having internal diameter of 78 mm and length of 750 mm is placed horizontally for the ease of experiments as depicted in a schematic of the test setup shown in Figure 1 . The Rijke tube is provided with number of flush mounted plugs and pressure taps on its wall for installation of thermo-couples for temperature measurements and for registering the wall pressures, respectively. The mean air flow through the system is maintained with the help of a centrifugal suction pump, driven by a variable speed 375 W electric motor, installed at the exit end of the system. A plenum chamber having the length of about 1000 mm and diameter of about 400 mm is placed between the Rijke tube and the suction pump to minimize the acoustical interaction between them. Inside the plenum chamber, a coarse wire mesh and a pair of baffles, all made of aluminum, are fitted as flow correcting devices to dampen non-uniformity and the acoustical interaction. A 31-mm diameter cylindrical burner of brass with rounded ceramic head having 61 holes is fitted at the end of a stainless steel tube, which is held horizontally in an adjustable moving post of a traverse which can position the burner co-axially inside the Rijke tube at any desired longitudinal location. The fuel used in the present experiments is commercially available Liquid Petroleum Gas (LPG), which is a mixture of 41.1% butane and 57.3% propane. The air is obtained from high pressure tank (capacity 0.13 m 3 ) of air compressor driven by a 1.5 kW electric motor.
Control technique
The radial air injection, in the form of micro jets, was employed as a control technique from a tubular ring, which was made out of a 4 mm diameter copper tube by closing one of its open ends and bending it into a ring and keeping the rest of the tube straight perpendicular to the plane of the ring as shown in the photograph in Figure 2 (a). The tubular ring diameter was about 76 mm, so that it could easily be slid inside the Rijke tube. For air injection, the ring was provided with eight circumferentially equi-distanced holes of 1 mm diameter pointing radially inward as depicted in Figure  2 (b). The ring could be clamped around the burner to make a single assembly of the burner and the control device, which could be smoothly traversed inside the Rijke tube along its axis. This arrangement is a novel feature of the setup which allows a wide range of parametric study. In the present setup, the ring is placed such that the injection ports are located in a plane slightly downstream of the burner head at a distance of about 7 mm. The supply of the air flow to the ring was regulated through a rotameter, which was calibrated against air mass flow controller GFC37 over its full rated range of 0-5 LPM.
Instrumentation
The mass flow rates of LPG and the air are independently controlled and measured by means of thermal mass flow controllers of Aalborg make, Models GFC17 and GFC37, respectively, with the accuracy of AE 1.5% of the full scale. The measured quantities of fuel and air are supplied to the burner through a pre-mixer, which works on vortex flow principle. The total mass flow rate through the Rijke tube (the atmospheric air due to suction and the burner product) is metered by Aalborg thermal mass flow meter, Model GFM 57 located between the suction pump and the plenum chamber. The regulated supply and measurement of the air and fuel quantities both are managed by computer through command module. As shown in Figure 1 , a Bruel and Kjaer (B&K) condenser type microphone (model 4939 having dynamic range of 28 to 164 dB and sensitivity of 4 mV/Pa) is placed at a distance of 600 mm looking into the Rijke tube from an oblique angle of 30 for measurement of Sound Pressure Level (SPL). The microphone output is given to data acquisition system through a B&K signal conditioning amplifier, NEXUS Microphone Conditioner-Type 2690-A. K-type thermocouples, made of chromel-alumel (one of them having range of 0 to 1100 C and others having the range of 0 to 600 C with the reading accuracy of AE 1 C), were used for temperature measurements. An RS 395-257 ultra-low differential pressure transducer (range 0-60 mm of water with accuracy of AE 2%) was used for wall pressure measurement. The data acquisition system of National Instruments, NI USB-6212 and Lab VIEW 7.1, is used as interface between all the sensing devices and the computer.
Experimental methodology
As it is understood from the basics of a Rijke tube, the thermo-acoustic instability is obtained only for certain positions of the heat source inside the tube. Two different methods were used in the present investigation to suppress the thermo-acoustic instability and compare their results use control technique on the flame with thermo-acoustic instability and reposition the burner from X ¼ (x/L) ¼ 0.2 to 0.24. Before carrying out the measurements, regions of thermoacoustics were established for a range of heat power, mass flow rate, and the burner position inside the Rijke tube. Subsequently, the threshold of minimum radial injection required to control (suppress) the thermo-acoustics was established for the entire range of heat power, mass flow rate, and the burner position tried in the present investigation.
Regions of thermo-acoustics
Experiments in the present investigation were carried out to demarcate the boundaries of thermo-acoustic instability with two burner positions inside the Rijke tube, X ¼ 0.2 and 0.24, respectively, for the total mass flow rate varying from 0.4 to 1.6 g/s in steps of 0.15 g/s and the heat power varying from 100 to 1100 W in steps of 50 W keeping the equivalence ratio constant at ¼ 1. Figure 3 shows the map of thermo-acoustic instability regions for the burner position at X ¼ 0.2 inside the tube. With change in heat supplied and total mass flow rate, the thermo-acoustic boundaries depict the regions of existence and non-existence of instabilities. What is to be noted is that the boundaries between these regions are nearly flat without any discernible trend over the entire range of the total mass flow rate, nonetheless, the boundaries shift with increasing amount of heat supplied along with the change in mode. The first thermo-acoustic instability appears with the third mode (n ¼ 3) for the minimum thermal power of about 200 W, which sustains until the power is increased to about 500 W, except at the higher mass flow rate. Thereafter, the thermo-acoustics disappears resulting in a stable region until the power is further increased up to about 750 W, which marks the boundary of reappearance of the thermo-acoustics but this time with the second mode (n ¼ 2). Beyond the power of about 1050 W, corresponding to the mass flow rate of fuel and air mixture, the burner was not able to hold the flame due to high speed jetting action from the holes of the burner and consequently the flame blow off was observed. However, with another burner with slightly larger diameter holes, the power could be further increased without blowing off the flame and the first fundamental mode (n ¼ 1) could be achieved at the thermal power of about 2000 W.
Thus, the present experiments could demonstrate occurrence of thermo-acoustic instabilities with all the first three modes for a fixed burner position of X ¼ 0.2 just by varying the thermal power. The inset to the figure is obtained from the experimental data acquired by Matveev and Culick 7 for horizontal Rijke tube, where electric heater was used at two different locations in the first half of the tube to obtain the first two modes (n ¼ 1 and 2) of the thermo-acoustic instability. Unlike the present results, the boundaries are seen to depend on the mass flow rate also and the most remarkable difference is that the higher mode appears at higher power and there is no significant difference between the two power levels. Beke 18 subsequently carried out similar experiments and reasoned the matching findings with an argument that increased frequency of instability, associated with the higher mode, enhances the losses thereby requiring more power supply to the heating gauge.
The velocity ratio, , is defined as the jet velocity from the ring to the inlet flow velocity to the Rijke tube from the atmosphere. The range of threshold velocity ratio, , required to suppress the thermo-acoustic instabilities was explored for n ¼ 3 at different thermal power and varying inlet mass flow rate. The results thus obtained are shown in Figure 4 . It is interesting to note that at higher inlet mass flow rates for all the thermal power levels, the threshold value of the velocity ratio is within relatively narrow band, 10 < < 30, and at the lower mass flow rate, there is a step increase for increasing thermal power levels. Any value of higher than the threshold yielded the stable zone.
Measurements
Measurements of the wall pressure and audible noise outside the tube due to thermo-acoustic instability were carried out only after the proper calibration of the pressure transducer and the microphone using digital Alnor micromanometer, Model AXD610 and Multifunction Acoustic Calibrator, Type 4226, respectively. A pressure tap on the wall in the middle of the Rijke tube was connected to the pressure transducer through pvc tubing. A supply of 8 volt DC was provided to the pressure transducer from the external power source. The wall pressure data were acquired at the sampling rate of 5 kHz and a total of 30,000 samples were stored. The acoustic data were acquired in blocks of 8192 samples at a sampling frequency of 200 kHz and an average of 100 such blocks was obtained for a single data point. The heat content inside the Rijke tube was measured in three transverse planes at X ¼ 0.39, 0.63, and 0.87 along the longitudinal axis as shown in the photograph in Figure 5 . Thermocouples were inserted through wall plugs inside the Rijke tube to various radial extents in steps of 5 mm spanning nearly the diameter of the tube. This was repeated by rotating the Rijke tube by 90 in the steps of 15 the second and the fourth quadrant as shown by a schematic in Figure 5 , assuming symmetrical distribution of the temperature about the vertical axis.
Calculation of heat content
For calculating heat content in the radial planes of the tube, the circular cross-sectional zone was divided into small subzones around each measurement point as shown in Figure 5 by ABCD and CDEF. Thus, the entire cross-sectional zone was divided into 169 subzones. The mass flow rate through each subzone is calculated using equation (1) .
The above equation is based on the assumption of uniform mass flow rate in a plane of measurement. The heat content in each subzone and in the entire cross-section of the tube is calculated using equations (2) and (3). The variation in specific heat with the temperature has been considered in the calculation.
Total heat content in a plane, H ¼ X 169 i¼1 dh ð3Þ
Result and discussion
To examine the effect of thermal power input and the total mass flow rate on the thermo-acoustic instability, four points P1, P2, P3, and P4 were selected in the region of the third mode (n ¼ 3) for acoustic measurements as shown in Figure 3 . These points covered the entire domain of mass flow rate in equal step of 0.4 g/s and power varying linearly from 450 W at P1 to 350 W at P4 in steps of 50 W. Figure 6 shows frequency spectra of thermo-acoustic instability wherein the peak frequency for the third mode (¼3 a/2 L) at 760 Hz and its harmonics at about 1.5 kHz, 2.25 kHz, and 3.01 kHz are captured successfully. What is to be noted from a remarkable collapse of all the curves is that the different test conditions have neither affected the amplitudes nor the frequency of the peaks. The variation in the peak amplitudes by 3 to 4 dB is of the same order as that of uncertainty observed when the measurements were repeated at the same conditions. Figure 7 demonstrates working of the control technique. The wall pressure registered in the middle along the Rijke tube for the heat power of 290 W and the total mass flow rate of 0.9 g/s, in the presence of thermoacoustic instability, shows amplitude variation within a band of about 52 Pa. When the air injection is switched on with ¼ 30 at around 550 ms from the time of acquiring the data as seen in Figure 7(a) , quickly within about 250 ms, the thermo-acoustic instability is seen to disappear resulting in significant attenuation of the amplitude of the pressure variation within a band of about 6 Pa. Figure 7 (b) shows expanded views on time axis of pressure variation within a time period of 7 ms obtained from two different regimes of Figure 7 (a) before and after the control is turned on. Regular pressure waveform having nearly constant amplitude and frequency ascertain the thermo-acoustic instability to be a period phenomenon. The pressure peak amplitude is seen to vary alternately between 23 Pa and -29 Pa yielding a central value of À3 Pa, which should be the wall pressure when thermo-acoustic instability is absent. The observed mean value of the wall pressure of about 3 Pa below the atmospheric pressure due to suction by the pump, when the control is switched on, indeed corroborates this proposition. The frequency inferred from the cyclic variation of pressure in Figure 7 (b) is about 750 Hz, which is in close agreement with the peak frequency of 760 Hz obtained from the frequency spectrum shown in Figure 6 .
Effect of control technique
The frequency spectra, shown in Figure 8 , depict effectiveness of the control technique with ¼ 30 for two different test conditions marked in Figure 3 by E1 at lower heat supply (H ¼ 290 W) and total mass flow rate (0.9 g/s) and by E2 at higher heat supply (H ¼ 397 W) and total mass flow rate (1.4 g/s). The thermo-acoustic instability peaks appearing at 734 Hz and 754 Hz along with their harmonics (in accordance with the heat content) corresponding to E1 and E2, respectively, are seen to be completely suppressed when the control is turned on. A remarkable attenuation of the spectra peaks by about 30 dB and a comprehensive collapse onto the background noise spectrum prove with certainty that the present control technique is extremely effective despite being simple and frugal where air injection forms only less than 3% of the total flow rate. Since suppression of thermo-acoustic instability is envisaged to reduce the heat loss as inferred from Candel 4 and Martins et al., 5, 6 the heat content in the Rijke tube is expected to be comparatively higher when the control technique is employed. Figures 9 and 10 illustrate temperature maps in radial planes obtained at three longitudinal positions, X ¼ 0.39, 0.63, and 0.87, with and without employing the control technique for E1 and E2, respectively. The non-uniformity in the temperature distribution about the central horizontal plane is initially significant, which apparently diminishes at the last station (X ¼ 0.87), particularly when no control is employed. In the first plane closer to the burner, a hot spot is seen in the upper half due to buoyant convection, which is diffused when radial micro jets are injected as a part of the control technique. The noteworthy reduction in the temperature in the upper halves from the first plane at X ¼ 0.39 to the second plane at X ¼ 0.63, seen in both figures including both with and without employing control technique, implies significant loss of heat to the surrounding. The heat content calculated from the temperature distribution, assuming the uniform mass flow rate through all the planes, is presented in Tables 1 and  2 . The upper half of the very first plane contains significantly higher heat by about 42 to 44% compared with its counter lower half in the presence of the thermo-acoustic instability. This large difference in the heat content nearly vanishes when the control device is switched on, solely due to the rise in the lower half heat content. In a straight tube, the heat is expected to convect with air nearly parallel to the axis but from higher temperature to lower temperature zone. However, what is noted from the tables is that the heat content in the upper half of the third plane at X ¼ 0.87 is higher compared with that in the upstream second plane at X ¼ 0.63. Similarly, the heat content in the lower half of the second plane at X ¼ 0.63 is higher compared with the upstream first plane at X ¼ 0.39 when thermoacoustic instability exists in the absence of the control. This observation can only be substantiated by the oblique flow due to buoyant convection and heat flows from upper half to subsequent lower half and from lower half to subsequent upper half as shown in Tables 1 and 2 . Further, it may be pointed out that application of the control technique not only suppresses the thermo-acoustic instability but also reduces the difference between the heat contents in the upper half and the lower half in the first plane closer to the burner at X ¼ 0.39. The data from Tables 1 and 2 are plotted in Figure 11 for better appreciation of the trend of the heat flow. Two interesting observations are made. First, the heat contents in the upper halves of the tube remain more or less unchanged whether the thermo-acoustic instability is present or suppressed. Second, suppression of the thermo-acoustic instability results in remarkable increase in the heat contents in the lower half. The explanation for suppression of thermo-acoustic affecting the heat content in only the lower half of the tube without making any change in the upper half is not immediately available and is the subject of further investigation. The net heat content in three measuring radial planes is obtained from summing up the heat contents in the upper half and the lower half of the same plane and is depicted in Figure 12 . As expected, suppression of the thermo-acoustic instability by means of the control technique results in higher heat content in all the three radial planes along the tube length. The gradient of heat loss is seen to be initially high, which reduces towards the downstream end of the tube. The net heat content in the tube from the burner plane at X ¼ 0.2 to the last measuring plane at X ¼ 0.87 was estimated using the trapezoidal method of integration for both the cases of with and without control. For the burner heat of 290 W, the net heat content of 90.71 W without employing the control suggests the total heat loss of 68.7%. With the application of the control technique, the net heat content in the tube is found to increase to 115.83 W resulting in the total heat loss of 60%. This gain of 8.7% (of the burner heat) in the heat content actually translates to a substantial increase by 27.7% when the total heat contents with and without the control are compared. Similarly, for the higher burner heat of 397 W, a net gain of 7.63% (of the burner heat) obtained from the net heat loss of 57% and 64.63% with and without the control, respectively, works out to be an increase by 21.6% in the total heat content inside the tube. The reduced gain in the net heat content for higher burner heat can be explained from the fact that the quantity of heat loss will depend on the temperature difference between inside and outside the Rijke tube.
The above findings corroborate with the earlier observations made by Martins et al. 5, 6 in their experiments on water-jacketed Rijke tube, wherein the heat content of water was found to increase by about 10% with the occurrence of the thermo-acoustic instability over most equivalence ratios ranging from 0.7 to 1. Enhanced heat loss to the surrounding due to thermo-acoustic instability has been hypothesized by Candel, 4 Matveev, 39 and Chatterjee et al. 13 Thus, in practical applications, suppression of the thermoacoustic instability is desirable for combustors with improved propulsive efficiency and its promotion is useful for boilers where it is desirable to extract maximum energy for heating the water.
Effect of burner shift
During the exploration of the thermo-acoustic instability regions, it was observed that in addition to the combination of the burner heat and the flow rate, position of the burner also played crucial role. For the present test conditions pertaining to the third mode, the burner position at X ¼ 0.24 was found to completely suppress the thermo-acoustic instability. Thus, a curiosity and a natural question arose as to what happens to the heat content if the occurrence of thermo-acoustic instability is avoided by simply positioning the burner at X ¼ 0.24. For a better comparison, it was decided to repeat the exercise for test conditions pertaining to E2. Further, radial injection of micro jets directly into the flame, very close to the burner, sprang the possibility of change of the equivalence ratio. Considering the additional mass of air at ¼ 30, the equivalence ratio was worked out to be about ¼ 0:8. Therefore, the measurements were made at two equivalence ratios, ¼ 0:8 and 1, keeping the total flow rate same at 1.4 g/s with control technique being switched off. Figure 13 shows plots of wall pressures when the burner is shifted from initial position at X ¼ 0.2 to 0.24. The trend is exactly similar to what was observed earlier in Figure 9 . The periodic oscillations with large amplitudes corresponding to the thermo-acoustic instability are seen to taper off with cessation of the thermo-acoustic instability associated with the burner position at X ¼ 0.24. While comparing Figure 13 (a) with (b), it is noted that the wall pressures oscillate between about 40 Pa for ¼ 1 as against about 30 Pa for ¼ 0:8. This significant difference in pressures may be attributed to the effect of the equivalence ratio on the intensity of thermo-acoustic instability. However, on attainment of stable conditions for the burner position at X ¼ 0.24, the pressure fluctuations reduce to a significantly narrow band. The corresponding acoustic pressures measured by the microphone are shown as plots of frequency spectra in Figure 14 . Again, the trends are similar to what have been seen in Figure 8 . As expected, the effect of equivalence ratio on the noise is in accordance with the wall pressures seen in Figure 13 . The temperature maps shown in Figure 15 suggest no effect of the equivalence ratio except at the very first station at X ¼ 0.39 where the hot spot is seemingly shrunk for ¼ 0:8. However, these maps are significantly different in comparison with those obtained with the control technique shown in Figure 10 (b). The net heat content, calculated from the temperature maps, separately in upper and lower halves for both the equivalence ratios are given in Table 3 . It is surprising to note that despite the burner now being closer to the first measuring plane, the net heat content in the upper half is less than what is reported in Table 2 . However, the counter lower half now shows appreciable rise in the heat content thereby reducing the difference between the upper and lower halves. Now the upper half heat contents are only 15% to 21% higher than their counter lower halves for ¼ 1 and 0.8, respectively. The consistent streamwise negative temperature gradient in each half does not suggest oblique flow as was envisaged in Tables 1  and 2 . The net heat contents individually in two halves and jointly in a plane along the tube length, obtained from Table 3 , are plotted in Figure 16 . The trend in Figure 16(a) is similar to what was noticed in Figure 11 (b) in the first plane, the upper half contains relatively more heat and, in the latter two planes, the lower halves contain more heat. The net heat contents with and without thermo-acoustic instability, when no control technique is used, are compared in Figure 16(b) . From the overall trends, it is observed that suppression of the thermo-acoustic instability, passively by repositioning the burner, only redistributes the heat in upper and lower halves but the net heat contents remain more or less invariant for both the equivalence ratios. A marginal reduction in the heat content at X ¼ 0.63, nonetheless, shows effect of the occurrence of the thermo-acoustic instability. Figure 17 shows comparison of the heat content along the tube as percentage of the burner heat for all the test conditions studied in the present investigation. The heat contents as fraction of the burner heats of 290 W and 397 W were expected to be about the same without the control technique. However, for the burner heat of 290 W, the overall reduction in the heat contents and a relatively higher peak by about 5 dB due to instability seen in Figure 8 substantiate the fact that stronger thermo-acoustic instability would cause more heat loss. The consistent rise in heat contents by about 10% with suppression of the thermo-acoustic instability by active control technique compared with the passive suppression of thermoacoustic instability by repositioning the burner suggests that the change in flame dynamics, caused by high speed radial micro jets, must be a dictating factor. The radial injection of air mass can be further reduced if the micro jets are actuated in pulsatile fashion. Experiments to study the supply amount and frequency as the main controlling parameters are currently underway. For the purpose of flame visualization, the metal tube was replaced by an identical quartz tube. Figure 18 illustrates photographs of the flames obtained for different test conditions studied in the present investigation. The long flames pluming upward with the thermo-acoustic instability, seen in Figure 18 (a) and (c), significantly shrink in length and spread radially when the control technique is applied, seen in Figure 18 (b) and (d). Moreover, the flames appear to be more intense. With the stability achieved by re-positioning the burner, the appearance of the flames does not seem to change much except a slight shortening of the flame when the equivalence ratio is decreased from 1 to 0.8 as can be seen in Figure 18 (e) and (f). Similar observation has been reported by Martins et al. 6 where they found reduction in length of the flame with increase in the oxidizer flow rate.
Conclusions
An extremely simple technique of controlling the thermo-acoustic instability in a Rijke tube having a co-axial premixed gas burner as a heat source has been innovated. The control technique uses a steady radial injection of air in small quantity (about 1-3% of the total mass flow) through micro-jets from a ring around the burner into the flame. The test setup is unique wherein the burner and the micro-jet ring assembly can be smoothly traversed to the full length of the Rijke tube along its axis holding the flame in the center and allowing the air flow from the atmosphere through the annular gap between the burner and the tube. While the present study successfully demonstrates effectiveness of the control technique in complete suppression by about 30 dB of the thermo-acoustic instability, it also presents several features hitherto unreported that need to be investigated and analyzed for better understanding of the phenomenon. The heat map obtained in the radial plane at three longitudinal locations along the tube showed initially higher distribution in the upper half closer to the burner which was expected; however, what was surprising to note that at subsequent downstream positions, the lower half showed higher heat distribution suggesting the cross flow from the upper half to the lower half. Further, while the control of thermo-acoustic instability resulted in no change in the heat content in the upper half, it increased the heat content only in the lower half giving rise to the net heat content in the Rijke tube. This dramatic effect was not witnessed when the thermo-acoustic instability was eliminated by repositioning the burner slightly downstream from X ¼ 0.2 to 0.24. Visual images of the flame illustrated stark differences in appearance for the two different methods of control. With active control, the flame was seen to shrink in length and expand in radial direction, whereas in case of naturally stable combustion (obtained by repositioning the burner), the change in the flame appearance was hardly discernible in comparison with the flame in the presence of thermo-acoustic instability.
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